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ABSTRACT

Effects of Global Change on Mojave Desert Annual Plant Communities
by
Stacy Marie Irvin
Dr. Stanley D. Smith, Examination Chair
Professor o f Biological Sciences
University o f Nevada, Las Vegas
The objective of this research was to investigate the potential effects o f global
change on Mojave Desert annual plant communities. The predicted changes o f
increased summer precipitation, increased nitrogen deposition, and biological soil
crust disturbance were simulated in a full factorial design, and the effects on species
composition, plant density, plant size, and nitrogen content were measured. Added
summer rain decreased community-level biomass and diversity the following spring,
while increased nitrogen deposition and biological soil crust disturbance increased
community-level biomass and diversity. However, biomass responses at the species
level were highly variable and individualistic, consistent with the episodic nature of
desert annual plant communities in both space and time. Results o f this study
demonstrate that responses to global change are complex, species-dependent, and
vary with resource availability, but overall trends at the community level are
detectable and potentially predictable.
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CHAPTER 1

INTRODUCTION
Global Change
Global change can be defined as any persistent change in the environment
that affects a significant portion o f the Earth. In addition to the increases in
temperature that are expected to occur in response to rising levels o f atmospheric
carbon dioxide, global change includes large scale changes in land use; changes in
carbon, water, and nitrogen cycling; and loss o f global biodiversity. While the
potential threats o f some of these changes to man have been widely publicized, the
potential impact on natural ecosystems is also an increasingly recognized problem.
There is much debate over what changes will occur and what their impacts will be
on a global scale, and making predictions on a regional level only becomes more
difficult. However, it is clear that global change is occurring, and it is important to
have an understanding of potential impacts.
In the Mojave Desert, several important changes are expected. First, general
circulation models (GCM ’s) predict that rising temperatures will result in an
increase in precipitation, particularly in the summer (Weltzin et al. 2003). This is
an especially important change because the Mojave Desert currently receives the
majority o f its precipitation in the winter. Second, increases in air pollution caused
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by rapid population growth will result in an increase in dry deposition o f nitrogen
(Fenn et al. 2003). Again, this change has the potential to cause profound effects
because o f the low level o f nitrogen present naturally in this ecosystem. Third,
biological soil crusts, which are an important source o f nitrogen in this system, are
being destroyed by activities such as grazing and off highway vehicle use. Given the
importance o f water and nitrogen to plant functioning, all o f these changes will
potentially have profound effects on Mojave Desert plant communities.

Desert Annuals
Annual plants are an important component o f the Mojave Desert plant
community because they account for a large proportion o f both desert plant
productivity and diversity. Under favorable conditions, annual plants have been
known to reach densities o f 975 plants m'^ and biomasses o f 616 kg ha"' (Beatley
1969, 1974). However, productivity o f annual plants exhibits extreme variability
from year to year. One study found that density varied nearly 100-fold over a 6 year period (Bowers 1987). Annuals also comprise a large number o f species and
are the most diverse component o f the Mojave Desert plant community (Rundel and
Gibson 1996).
The success of annual plants in arid environments is due at least in part to
their unique survival strategy. Desert annual plants germinate, grow, and complete
their life cycle in the most favorable months o f the year. This strategy requires that
plants germinate at the correct time and exhibit rapid growth rates. Desert annuals
germinate only in response to a specific combination o f temperature and
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precipitation cues (Went 1949). This ensures that they will emerge tmder favorable
conditions, with the likelihood o f completing their life cycle before summer drought
arrives. A “critieal rainfall,” consisting o f at least 25 mm that occurs in the mild
temperatures o f fall, is generally necessary for successful germination (Tevis 1958).
However, germination may also occur in the winter or spring under the appropriate
conditions (Beatley 1974). Annuals have a charaeteristic basal rosette growth form,
and they grow vegetatively throughout the winter at rates determined primarily by
air temperatures (Beatley 1974). Plants bolt in early spring, and it is at this stage
that most mortality oceurs, probably because soils are beginning to dry and water
stress becomes a factor (Beatley 1967). Survival rates vary widely between years,
sites, and species. Although survival increases with water availability, rates tend to
be low even under favorable conditions (Beatley 1967).
While germination requirements increase the probability that plants will
experience the conditions necessary to complete their life cycle, they are by no
means a guarantee. If the precipitation that stimulates germination is not followed
by more precipitation, plants may die before they are able to set seed. And, if an
entire population dies without setting seed, local extinction will result. To guard
against this possibility, many desert armual plant species have a dormant seed bank
fraction that will not germinate in a given year regardless o f conditions. This
ensures that the soil seed bank will not be depleted by a single year o f failed
reproduction, which is particularly important in areas where rainfall is highly
unpredictable. In fact, the size o f the dormant seed ffaetion inereases with
environmental variability (Pake and Venable 1996, Venable and Pake 1999).
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In addition to germinating at the appropriate time, desert annual plants
must also have the ability to grow quickly. Depending on when germination oeeurs,
plants may have several months or only a matter o f weeks to complete their life
cycle before soils dry out. Not surprisingly, then, desert annuals have some o f the
highest photosynthetic rates ever recorded, between 30 and 60 pmol m'^ s'^ (Smith et
al. 1997). These rates are achieved in part through allocation o f resources to new
leaf area and high leaf nitrogen concentrations. Fast growth rates are also
facilitated by their eharacteristic basal rosette growth form, which prevents leaves
from shading one another and allows plants to take advantage o f warmer
temperatures near the ground (Mulroy and Rundel 1977). Some species even
exhibit heliotropism (solar tracking), further maximizing their use o f solar energy
(Smith et al. 1997).
Because of the timing o f their life eycle, desert annuals generally lack the
drought-tolerance charaeteristics seen in desert perennials. For example, while
desert perennials tend to maintain large root systems, root: shoot ratios in desert
annuals are generally low and show no ability to increase in response to low water
availability (Bell et al. 1979). Stomatal conductance and water potential values are
also high in these species, indicating that they generally do not exhibit stress
tolerance attributes (Forseth et al. 1984).
In addition to coping with the extreme conditions of desert environments,
desert annuals also face competition from invasive species. In the northern Mojave
Desert, the most abundant invasive species is the annual grass Bromus madritensis
ssp. rubens (L.) Husnot, henceforth Bromus. This speeies was introduced in the
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nineteenth century and is now considered a dominant component o f Mojave Desert
annual communities (Hunter 1991). Bromus has a phenological pattern similar to
native species, but has less stringent germination requirements (Beatley 1966). It
also appears to out-compete native species, as its presence is associated with
decreased density, biomass, and species richness o f native species (Brooks 2000).

Effects o f Water and Nitrogen on Desert Plants
Water and nitrogen are the two most important abiotic factors determining
plant productivity in hot deserts. In the Mojave Desert, where water availability is
not only limiting but also highly variable, the amount o f precipitation is highly
correlated with annual plant productivity (Turner and Randall 1989). Although the
relationship between water and desert plants has been widely studied, there is little
known about the potential effects o f enhanced summer rainfall on Mojave Desert
plants, particularly annuals. When supplemental irrigation was applied to annual
communities in the Chihuahuan Desert (a summer rainfall desert), there was no
effect on total density or biomass o f annual plants, although individual species were
affected (Gutierrez et al. 1988). Another study found that supplemental summer
irrigation increased productivity o f C 4 grasses relative to C 3 grasses (Skinner et al.
2002). However, these studies were done where summer annuals were well
represented. In the Mojave Desert, where the summer annual community is almost
nonexistent, the effects o f summer irrigation remain to be seen.
In addition to being water-limited, deserts are also chronically low in
nitrogen. As a component o f proteins and chlorophyll, nitrogen is vital to plant
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functioning and is a major determinant o f plant productivity. The addition of
nitrogen to an ecosystem can cause major changes, particularly where its natural
abundance is low. A study in the Chihuahuan Desert found that nitrogen
fertilization did not affect plant density but did increase biomass because o f larger
individual plants (Gutierrez et al. 1988). Fertilization also caused profound changes
in species composition.
Nitrogen also affects the interactions between native and invasive species.
Several studies have demonstrated that invasive species respond more positively to
nitrogen than native species. High nitrogen availability, whether naturally present
or added experimentally, has been shown to promote the invasion o f exotic species
in coastal grasslands (Huenneke et al. 1990, Maron and Connors 1996). A
fertilization experiment in the Mojave Desert showed that the addition o f nitrogen
increased biomass o f invasive species approximately 50%, while decreasing native
biomass by approximately 40% (Brooks 2003). For the invasive grass species
Bromus, this advantage seems to result from high alloeation to rapid root
proliferation, which allows for access to greater amounts of water and nitrogen
(DeFalco et al. 2003). In contrast to these studies, others find that there is no
difference in the way that native and invasive species respond to nitrogen (Lowe et

al. 2002).

Biological Soil Crusts
Biological soil crusts, which are associations between soil particles and
microorganisms such as cyanobacteria, algae, fungi, lichens, and bryophytes
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(Belnap et al. 2001), are another important component o f Mojave Desert ecosystems.
Abundant species include the cyanobacteria Microcoleus vaginatus, Nostoc commune,
and Scytonema myochrous, and the lichen species Collema tenax and Catapyrenium
squamulosum (Belnap et al. 2001). Despite their subtle appearance, these crusts have
important effects on ecosystems. They contribute to soil development by protecting
against wind erosion, particularly when well developed (Belnap and Gillette 1998).
Crusts may impact water infiltration rates, although results regarding whether this
impact is positive or negative are contradictory (Evans and Johansen 1999).
Crusts also add nitrogen to ecosystems, as some o f their components are
capable of nitrogen fixation. Crusts may add up to 100 kg N ha'' yr'' in some areas,
although the actual number may be closer to 25 kg N h a'' yr'' (Johansen 1993). The
process o f nitrogen fixation is energetically expensive and depends on
photosynthesis for energy. Therefore, eonditions affeeting past and present rates o f
photosynthesis, including water and light availability, also affect rates o f nitrogen
fixation (Belnap 2001). This nitrogen fixation has a direct effect on surrounding
plants, because nitrogen-fixing organisms can release 5-70% o f fixed nitrogen to the
surrounding environment (Belnap 2001).
While plants potentially benefit from the addition o f nitrogen to the
environment by biological soil crusts, the net effeet o f crusts on plants has not been
determined. Crusts may benefit plants by providing favorable microenvironments
for germination and growth (Evans and Johansen 1999), or have an inhibiting effect
on seed germination (Zaady et al. 1997, Prasse and Bomkamm 2000). Data on the
effect o f crusts on plant nutrient content are also somewhat contradietory. While
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nitrogen content of plants growing on crusts is usually enhanced when growing on
crusts, phosphorus and iron levels can be reduced in plants growing on crusts,
suggesting that there may be competition between crusts and plants for some
nutrients (Harper and Pendleton 1993, Belnap and Harper 1995, Harper and
Belnap 2001).

Plants growing on crusts also have lower water potentials than

plants not growing on crusts, which may result from increased competition due to
the fact that the high nutrient availability in crust soils supports higher biomass
(DeFalco et al. 2001).
The effect o f crusts on plants also differs between native and exotic species.
De Falco et al. (2001) showed that while crusts increased total biomass and density
o f plants, they also increased the percentage o f biomass represented by exotic
species. Sites with soil crusts also have increased invasive species diversity
compared to sites without crusts (De Falco et al. 2001).
Because of the effects crusts have on the surrounding environment, their
disturbance has ecosystem-level consequences. Biological soil crusts are highly
vulnerable to disturbance caused by such activities as grazing and off-road vehicle
use. Grazing results in a reduction o f crust cover and biomass, as well as a change
in species composition (Beymer and Klopatek 1992). Changes in crust species
composition can significantly affect ecosystem function, because some crust
components fix nitrogen at higher rates than others (Belnap 2002). Crusts are also
slow to recover from such disturbances. One study found differences in crust
composition, nitrogen fixation rates, and soil nitrogen content between disturbed
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and undisturbed sites, despite over three decades o f recovery time (Evans and
Belnap 1999).

Hypotheses
The predicted changes o f increased summer precipitation, increased nitrogen
deposition, and disturbance o f biological soil crusts were simulated in a full factorial
design to investigate their effects on desert annuals. Because the supplemental
irrigation treatment was applied in the summer, when most Mojave Desert annuals
are present only as seeds, this treatment was not expected to affect the annual plant
community. Nitrogen was expected to increase the productivity o f annuals,
resulting in higher biomass values. Previous research has shown that nitrogen
primarily benefits invasive species that then have the ability to out-eompete native
species (Brooks 2003), so nitrogen addition was also expeeted to result in a decrease
in species richness. Based on results from other studies conducted in the Mojave
Desert, crust disturbance was predicted to decrease produetivity o f annuals beeause
o f the loss o f nitrogen from nitrogen-fixing crust organisms. Disturbance was also
expected to increase the relative importance o f invasive species.
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CHAPTER 2

MATERIALS AND METHODS
Research Site
This research was conducted at the Mojave Global Change Facility (MGCF),
which is part o f the Nevada Desert Research Center (NDRC) located on the Nevada
Test Site (NTS) approximately 120 km northwest o f Las Vegas, Nevada (36° 49' N,
115° 55' W, 960 m elevation). The NTS is an ideal place to conduct ecological
research because it has been closed to the public for over 50 years and is therefore
relatively pristine. It also has a long history o f ecologieal research that provides an
extensive database for current researchers to access.
The MGCF receives an average o f 138 mm o f precipitation annually, with
the majority falling in the winter months. Although summer rainfall does occur, it
is highly variable and unpredictable. Air temperature frequently exceeds 35° C in
the summer, with surface temperatures considerably higher, while below-freezing
temperatures are common in the winter. The plant community is dominated by the
evergreen shrub Larrea tridentata (DC.) Cov. Other prominent perennial species
include the drought-deciduous shrubs Ambrosia dumosa (A. Gray) Payne, Lycium
andersonii A. Gray, and L. pallidum Miers, as well as the tussock grasses Pleuraphis
rigida Thurber and Achnatherum hymenoides (Roemer & Schultes) Barkworth.

10
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Approximately 70 annual plant species have been recorded, with the vast majority
o f these being winter annuals (Bowers 1987). Total perennial plant cover is less
than

2 0

%, and the interspaee between plants can support a well-developed

biological soil crust, although this is spatially variable.
The treatments at the MGCF are intended to simulate three expected global
changes and include added summer rain, increased nitrogen deposition at two
levels, and disturbance o f biologieal soil crusts. Each o f the treatments is applied to
14 X 14 m (196 m^) plots, both alone and in all possible eombinations. There are a
total o f

1 2

treatment combinations in each treatment bloek, including the control,

and each o f these blocks are replicated

8

times, resulting in a total o f 96 plots (Fig.

1). Plots are accessed by a "T"-shaped pathway and block stepping stones to
individual sampled shrubs to minimize disturbance. There is a micrometeorological
station located on site that measures temperature, precipitation, radiation, and
humidity.
The summer irrigation treatment consists o f 75 mm o f water that is applied
in three separate events o f 25 mm each. The irrigation events are spaced
approximately three weeks apart, beginning in early July. Water is applied via
sprinklers located in the center o f the plot at a rate that does not exceed the
infiltration rate o f the soil. Irrigation takes place at night to minimize evaporation
and only when winds are ealm to ensure uniform coverage of the plot. The water is
obtained from a local well and contains 3 mg L '' o f nitrogen, which means that
irrigated plots receive 3 kg N ha"' yr"'.

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The fertilization treatment occurs in a single application in late fall, which
allows the nitrogen to be absorbed into the soil profile with the winter rains. The
two levels o f nitrogen, 10 and 40 kg N ha"' yr"', are added in the form o f CaNOs that
is dissolved in solution and applied via the sprinklers, using approximately 5 mm of
water. An equivalent amount o f water is also applied to the unfertilized plots.
The biological soil crusts are disturbed one time in October before
fertilization occurs. The entire surface o f the plot is seuffed by teams o f people until
no visible signs o f crust remain. The crust treatment has been applied annually
since 1999, and the irrigation and fertilization treatments have been applied
annually since

2 0 0 1

.

Surveys and Harvests
Within each of the 96 plots, four 0.25 x 0.25 m (0.0625 m^) quadrats were
established in summer o f 2002, resulting in a total o f 384 quadrats. Beeause
productivity is known to vary widely among microsites, the quadrats were placed in
3 different locations: 1 under the canopy o f the evergreen shrub Larrea tridentata, 1
under the canopy of the drought-deeiduous shrub Lycium sp., and 2 in the
interspaces between shrubs (i.e. a minimum o f one meter from the dripline o f any
shrub). Locations for the quadrats were randomly chosen, and were marked by two
nails inserted into the ground at opposite eorners. During surveys, a PVC square
was temporarily placed over the nails to identify the quadrat. Percent cover o f soil,
biological soil crust, and rock o f each subplot were measured using a 5x5em grid.

12
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Quadrats were also assigned an x and y coordinate to denote their location within
the site.
All quadrats were surveyed periodically during the growing seasons o f 2003
and 2004, approximately February through May. Surveys consisted o f identifying
each species according to Hicks (1993) and counting the number o f individuals o f
each species in a quadrat. The phenological stage o f each species in a subplot was
also characterized based on the following scale: 1 = seedling, 2 = vegetative, 3 =
flower buds present, 4 = flowering, 5 = seeds present w/green canopy,

6

= seeds

present w/senesced canopy, and 7 = fully senesced with seeds shed.
When annual plants reached peak biomass in late April/early May,
individual plants from the most abundant species were collected from all three
microsites in each plot to obtain biomass measurements. In 2003, these species were
Cryptantha recurvata Cov., D escurainiapinnata (Walter) Britton (understory only),
Eriogonum trichopes Torrey (interspace only), Mentzelia obscura H.J. Thompson &
Joyce Roberts, and Lepidium lasiocarpum Torrey & A. Gray. These five species
accounted for 74% o f the plant density in the understory and 49% o f the plant
density in the open. In 2004, the most abundant species were Bromus madritensis
ssp. rubens, Cryptantha recurvata, and Vulpia octoflora (Walter) Rydb. in the
understory, Eriogonum trichopes in the interspaces, and Chaenactis stevioides Hook.
& Am. and Lepidium lasiocarpum in all three microsites. These six species
accounted for 82% o f the plant density in both the understory and in the open. To
ensure that the individual plant was randomly selected, a pin flag was dropped at
each microsite location within a plot, and the nearest individual o f each species was

13
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collected by elipping at ground level. Roots could not be collected to protect the
integrity o f the plot. However, given that root; shoot ratios o f desert annuals
average about 0.1 (Bell et al. 1979, Forseth et al. 1984), aboveground harvests
account for a large majority of total biomass in this functional group.
Plants were separated into vegetative and reproductive structures, oven
dried at 60° C for at least 72 h, and weighed. To determine %N, a sub-sample of
tissues was collected for chemical analysis. In 2003, these included vegetative tissues
o f Eriogonum and Mentzelia, and both vegetative and reproductive tissues o f
Lepidium. In 2004, vegetative tissues o f Erigonum were analyzed, as well as
vegetative and reproduetive tissues o f Bromus, Chaenactis, Lepidium, and Vulpia.
Samples were analyzed from all microsites in which the species occurred in 2003,
but only from the beneath-evergreen and open microsites in 2004. Three replicates
were analyzed for each species within a micosite and treatment. For vegetative
tissues, several healthy-looking leaves (i.e. free o f ehlorosis or insect damage) were
removed from the stem, ground to a fine powder, and enclosed in 5 x 9 mm tin
capsules. For reproductive tissues, entire fruits (or, for Bromus and Vulpia, florets)
were randomly selected, ground, and eneapsulated. In some cases, samples were too
small to obtain a sufficient amount o f ground sample, so small pieces o f leaves or
entire fruits were eneapsulated whole. Samples were sent to the University o f
California, Davis Stable Isotope Facility in 2003 and the University o f Arkansas
Stable Isotope Laboratory in 2004, where they were analyzed using a eontinuous
flow Isotope Ratio Mass Spectrometer (IRMS) interfaced with a C/N analyzer.

14
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Statistical Analyses
Plant dry weights were used to calculate mean biomass for each species
within a microsite and treatment. These means were then multiplied by species
density values obtained by surveys to calculate biomass values on a per area basis
for each quadrat. The biomass values for each species were added to obtain a total
biomass value for each microsite in each plot. For the two quadrats located in the
open microsite, the mean value was used in analyses. These values were square root
transformed and analyzed using ANOVA with year, mierosite, irrigation,
fertilization, and disturbance as fixed effects and x and y coordinates, percent rock
cover, and percent crust cover as random effects.
To determine how individual species contributed to differences seen in total
biomass values, the proportion o f biomass accounted for by each species was
calculated. These proportions were transformed by taking the arcsine o f the square
root and then analyzed with a MANOVA, and factors not found to be significant
were eliminated in order to obtain a reduced model. An ANOVA was then run on
each species using that reduced model.
A MANOVA was run on the density data, with densities o f eaeh species as
the dependent variables, and year, microsite, irrigation, disturbance, and
fertilization the independent variables. Data were log-transformed to satisfy
assumptions o f normality for this analysis. Factors that were not found to be
significant were eliminated in order to obtain a reduced model, and individual
ANOVA's were run for each species using this model. For the species Mentzelia and
Bromus, density values could not be transformed to satisfy the assumption of
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normality. Therefore, a bootstrap was run using the same model to determine
signifieance.
In order to determine whether differences in density resulted from
differences in initial germination or survival rates, an ANOVA was also run on
survival rates. Rates were calculated as the proportion o f seedlings counted on the
initial survey date that survived to the peak survey date. Although total plant
density was lower on the peak survey date than on the initial survey date, for some
individual quadrats the density increased, and these values were not used in the
analysis.
Separate ANOVA's were run on the individual plant dry weights o f each
species. The square root o f each value was taken to satisfy assumptions of
normality. Independent variables included irrigation, disturbance, and fertilization.
For species that were collected in both years, year was included as a variable, and
for species that were collected from multiple microsites, microsite was included as a
variable.
Reproductive allocation was calculated as the weight o f reproductive
structures divided by the total aboveground weight o f the plant, and these values
were transformed by taking the arcsine o f the square root. An ANOVA was then
run on these values, with species, year, microsite, irrigation, disturbance, and
fertilization the independent variables.
Nitrogen concentration was analyzed by performing separate ANOVA's on
vegetative and reproductive samples. Independent variables included year, species,
irrigation, disturbance, and fertilization. Three- and four-way interactions that
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were far from significant (i.e. p-value > 0.50) were taken out o f the models.
Microsite could not be included in the model because only one species {Lepidium)
was collected from all three microsites. A separate ANOVA was run on Lepidium
alone, since it was the only species that was collected from all microsites in both
years.
Richness was calculated as the number o f species within a subplot. Species
diversity was calculated using Simpson's diversity index, 1 - D, where D = S(p,)^,
where p is the proportion o f all individuals in the sample belonging to each species.
Because these values were not normally distributed, significance was determined
using the bootstrap method.
The effects o f the treatments on species composition were analyzed using
distance-based redundancy analysis (Legendre and Anderson 1999). The quadrat
surveys were converted to presence/absence data, and a dissimilarity matrix was
generated using the Jaccard index, dÿ = [a + b] / [a 4- b + c], where a is the number
o f species occurring only in quadrat i, b is the number o f species occurring only in
quadrat), and c is the number o f species that occur in both quadrats. Quadrats
containing no species were excluded from the analysis. A principal coordinates
analysis (PCoA) was run on the matrix, and a redundancy analysis was run to
determine which treatments significantly affected species composition. Year and
microsite were also included in the analysis.
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CHAPTER 3

RESULTS
Precipitation
Total precipitation in the hydrologie year 2002-2003 (1 October 2002 to 30
September 2003) was 149 mm, which is slightly higher than the long-term average o f
138 mm (Fig. 2). However, most o f this rainfall did not occur until the spring and
summer months. Because the fall and winter months were dry, germination o f
winter annuals was not induced until mid-February. In the hydrologie year 20032004, total precipitation was 123 mm. Although a substantial rain event occurred in
late December, widespread germination did not occur until February, as in the
previous year.

General Community Trends
Biomass values ranged from 4.7 to 28.3 g m'^, depending on year and
micro site (Fig. 3). Values were higher in 2003 than in 2004, and this difference was
significant within each microsite. In 2003, microsites under evergreen and
deciduous shrubs had higher biomass than those in the interspaces between shrubs,
but were not significantly different from one another. In 2004, none o f the
microsites had significantly different biomass values.
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Lepidium was the dominant species in both years and in all microsites, but
particularly under shrub canopies (Fig. 4). Other dominant species under canopies
were Cryptantha and Descurainia in 2003 and Cryptantha and Vulpia in 2004.
Eriogonum was common in the interspaces in both years.
Plants were generally larger in 2003 than in 2004, with the exception of
Eriogonum, which was larger in 2004 (Fig. 5). In 2003, plants were generally the
same size regardless o f microsite, except that Mentzelia was larger in the open. In
2004, plants were generally larger in the evergreen microsite (Fig. 5).

Productivity
All treatments significantly affected biomass (P < 0.001), although this varied
with year and microsite (Fig. 6 ). There were no two-way statistical interactions
among any o f the treatments, although there were some interactions among
treatments with year and microsite (Table 1). Summer irrigation tended to decrease
biomass the following spring, but this difference was only significant in the open
micro site. Nitrogen fertilization increased biomass in the evergreen and open
microsites in 2003, but only in the open microsite in 2004. In the open microsite, the
10 kg N ha'* treatment produced the highest biomass in both years. Disturbance
tended to increase biomass, but this difference was only significant in the deciduous
and evergreen microsites in 2003, and in the deciduous and open microsites in 2004.
Although there was no interaction between irrigation and fertilization, there
was a significant statistical interaction between microsite, irrigation, and
fertilization (P = 0.008). In the open microsite, irrigated plots had less biomass than
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unirrigated plots at each level o f fertilization. However, plots that were irrigated
and fertilized were not significantly different from the plots that were not irrigated
or fertilized (Fig. 7).
The treatments also had significant effects on the proportion o f the biomass
accounted for by each species. Summer irrigation decreased the proportional
biomass o f Cryptantha (P = 0.005), Eriogonum (P < 0.0001), and Vulpia (P = 0.02) the
next spring, while increasing the proportional biomass o f Lepidium (P < 0.0001) (Fig.
8). Nitrogen fertilization increased the proportional biomass o f Lepidium (P = 0.04)
and Mentzelia (P = 0.03), while decreasing proportional biomass o f Descurainia (P =
0.02) (Fig. 8 ). The disturbance treatment did not have any effect on proportional
biomass.
All three treatments had significant effects on total density (Table 2). These
effects did not vary with year or microsite. There was a significant irrigation x
fertilization interaction (P = 0.03), as well as a microsite x irrigation x fertilization
interaction (P = 0.01). In the deciduous microsite, fertilization at 10 or 40 kg N ha *
diminished the negative effect o f irrigation, although this difference was not
statistically significant. In the evergreen and open microsites, this effect was not as
clear, and no pairs were significantly different regardless o f microsite.
The treatments also had significant effects on the densities o f individual
species. Irrigation decreased the density o f Cryptantha (P = < 0.0001), Eriogonum (P
< 0.0001), and Vulpia (P = 0.004), but increased the density o f Lepidium (P = 0.05)
(Table 3). Nitrogen fertilization increased the density o f Eriogonum (P = 0.0001)
and Vulpia (P = 0.003), but decreased the density o f Descurainia (P = 0.01), although
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the decrease was only significant 40 kg N ha'* (Table 4). Disturbance increased the
density o f Lepidium (P = 0.004) and Vulpia (P = 0.06), but it only did so significantly
for Lepidium in the open interspaces (Table 5).
Differences in density resulting from the treatments appear to be more a
function o f differences in germination than differences in mortality rates. Although
both year and microsite had significant effects on mortality rates, none o f the
treatments had a significant effect on mortality rate (data not shown).
For all species combined, all three treatments had significant effects on plant
size (Table 2). As seen for biomass and density, irrigation decreased plant size,
while fertilization and disturbance increased plant size. Fertilization increased
plant size, but 10 and 40 kg N ha * were not significantly different from one another.
Despite the general trend for irrigated plants to be smaller than non
irrigated plants, irrigation had no statistically significant effect on the dry weight o f
any o f the species collected when examined individually (Table 6 ). As predicted,
fertilization increased the dry weight o ï Eriogonum (P = 0.0009), Lepidium (P =
0.003), and Mentzelia (P = 0.05), but again no pairs were significantly different when
separated by year and microsite (Table 7). For Eriogonum, only 0 N and IO N were
significantly different; for Lepidium 0 N was different fi-om 10 N and 40 N, but they
were not different from each other. For all three species, the increase was greatest
at 10 N. Disturbance also increased the dry weight o f Lepidium (P = 0.03) (Table 8 ).
All treatments had significant effects on reproductive allocation in some
species (Fig. 9). Irrigation tended to increase reproductive allocation, and this effect
was significant in Cryptantha (P = 0.008) and Mentzelia (P = 0.0004) in 2003 and
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Bromus (P < 0.0001), Chaenactis (P = 0.05), and Lepidium (P = 0.005) in 2004. Effects
o f fertilization on reproductive allocation varied with species and year.
Reproductive allocation increased with fertilization in Descurainia (P = 0.009) and
Eriogonum (P = 0.02) in 2003, but decreased with fertilization in Lepidium (P = 0.05)
in 2003 and Chaenactis (P = 0.001) in 2004.

Disturbance also tended to increase

reproductive allocation, but this difference was only significant in Eriogonum in 2003
(P = 0.03).
Overall, irrigation significantly decreased leaf nitrogen content (P = 0.05)
and fertilization significantly increased leaf N content (P = 0.007). Disturbanee did
not significantly affect N content in vegetative tissues (P = 0.24). When examined
individually, effects varied with species, year, and mierosite (Fig. 10). Although
irrigation had no effect in 2003, it decreased leaf N content in Chaenactis (P = 0.008)
and Eriogonum (P = 0.05) in 2004. Fertilization tended to increase leaf N content,
but this difference was only significant in Lepidium in 2003 (P < 0.0001) and in
Eriogonum (P = 0.05) and Lepidium (P = 0.0001) in 2004. Disturbance increased leaf
N content in Mentzelia in 2003 (P = 0.02), but decreased leaf N content in Lepidium in
2004 (P = 0.001).
No treatment - irrigation, fertilization, or disturbance - had an overall
significant effect on N content o f reproductive tissues. When examined individually,
neither irrigation nor disturbance had any significant effect on the reproduetive N
content in the species tested (Fig. 11). Fertilization tended to increase reproductive
N content, but this difference was only significant in Lepidium in 2003 (P = 0.01) and
Chaenactis in 2004 (P = 0.04).
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Species Diversity and Composition
All three treatments had a significant effect on species richness (Table 9).
Species richness was negatively affected by the irrigation treatment. Fertilization
increased species richness at ION, but deceased richness at 40 N. The disturbance
treatment increased species richness.
Species diversity followed the same trends seen in species richness (Table 9).
The irrigation treatment decreased species diversity. Fertilization again increased
diversity at 10 N but decreased it at 40 N. Disturbance tended to increase diversity,
although this difference was not statistically significant.
The principal coordinate analysis explained a total of 10.9% o f the variance
in the species composition data (Fig. 12), indicating the intrinsically high spatial
variation in community structure o f desert annuals. C API, which explained 13% of
the variance explained by the model, revealed that certain species (e.g., Lepidium,
Descurainia, Phacelia fremontii, Mentzelia, and Cryptantha) were positively associated
with (i.e., most common in) the year 2003, deciduous and evergreen microsites,
irrigated plots, and 40N fertilized plots.

In contrast, Eriogonum and Chaenactis

were shown to be associated with the drier year 2004, open microsites, unirrigated
plots, and 10 N fertilized plots. CAP2, which explained 8 % o f the variance, showed
similar relationships, although in this case microsite was not an important factor,
and Eriogonum showed an affinity with 2003 rather than 2004. CAP3, accounted for
7.5% o f the variance and showed a relationship between Mentzelia and the two
grasses, Vulpia and Bromus, with the drier year 2004, understory microsites.
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unirrigated plots, and IO N fertilized plots. Lepidium, in contrast, was associated
with the wetter 2003, open microsites, irrigated plots, and 40N fertilized plots.
A redundancy analysis indicated that irrigation and fertilization were
significant factors affecting species composition (P < 0.005 and P < 0.005,
respectively), but that disturbance was not an important factor (P = 0.13). Year and
microsite were also important determining factors (P < 0.005 and P < 0.005,
respectively), and there were significant interactions between year and microsite,
year and irrigation, micro site and irrigation, and irrigation and fertilization.
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CHAPTER 4

DISCUSSION
Summer Irrigation
The Mojave Desert is characterized by a unimodal pattern o f precipitation,
with the majority o f rainfall occurring in the winter, and summers generally being
hot and dry. As a result, the annual flora o f the Mojave Desert is classified as a
“winter annual” flora in which seeds germinate in response to winter precipitation
and complete their life cycle in the spring using soil moisture stored from coolseason precipitation (Beatley 1974). However, if current predictions prove correct,
the region will experience a shift toward a bimodal precipitation pattern, with
substantial rainfall occurring in both the summer and winter. Over the long term,
this will undoubtedly cause significant changes in Mojave Desert plant communities.
Previous studies have shown that where bimodal precipitation occurs, different
growth forms use the two water sources differentially (Ehleringer et al. 1991).
Therefore, changes in the relative amounts o f winter and summer precipitation will
likely be followed by shifts in the proportions o f different growth forms.
Annual plants may be particularly affected by these changes. Currently, the
summer annual community in the Mojave Desert is all but nonexistent, except in
disturbed habitats. O f the 137 species o f annual plants observed at the NTS by
Beatley (1969), only 7 were summer annuals, and even these are rarely observed. In
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contrast, the Sonoran and Chihuahuan Deserts, where summer rain does occur
regularly, have numerous speeies o f summer annuals (Mulroy and Rundel 1977). It
seems reasonable to predict, then, that as summer rain becomes more frequent and
reliable in the Mojave Desert, a summer annual community will begin to develop.
Given the proximity o f the Sonoran and Chihuahuan Deserts to the Mojave Desert,
summer annual species may simply migrate into the region as conditions become
favorable to them, or weedy species may expand from disturbed habitats within the
Mojave Desert (e.g. Salsola spp.).
Although some changes in the plant community resulting from increased
summer precipitation are expeeted in the long term, given the short term nature o f
this experiment, the summer irrigation treatment was expected to be relatively
unimportant for the annual plants. However, this prediction proved to be incorrect,
indicating that changes resulting from increased summer precipitation may occur
more quickly than previously thought. In contradiction to my hypothesis, which
was that irrigation would not affect annual plants, added summer rain reduced
plant biomass the next spring, particularly in the open interspaces between shrubs.
This result was unexpected, given the fact that plants are present only as seeds when
irrigation takes place.
Because the decrease in biomass was driven mainly by lower germination
levels in irrigated plots, one possibility is that the seed bank was depleted by some
toxic substance in the irrigation water, germination in response to summer
irrigation, or increased levels o f granivory. Although the negative response to the
irrigation treatment seems to suggest that there may be a toxic substance present in
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the water supply, there is no indication that toxins are present. The irrigation water
is supplied by locally obtained ground water. As mentioned above, it does eontain
nitrogen at a level o f 3 mg L *. However, this would not be toxic to seeds. The water
is used by the city o f Mercury, has been tested, and is not known to contain any
toxic substance.
Another possibility is that the seed bank was depleted by germination in
response to summer irrigation. Although no seedlings o f winter annuals were
observed in the plots after irrigation treatments, the seedlings could have died
before they were large enough to break the soil surface and be seen. However, given
the precise temperature optima o f germination for most desert annuals (Went 1949),
this seems unlikely. When temperatures are high, seeds o f winter annuals will not
germinate regardless o f water availability, an adaptation that prevents them from
germinating during a season in which they cannot survive. Another characteristic
o f desert annuals is that they have a dormant seed fraction that will not germinate
under any eonditions (Venable and Pake 1999). So, even if there was some
germination in response to irrigation treatments, which is highly unlikely, the soil
seed bank would still not be depleted.
The seed bank could also potentially be depleted by granivores. When the
summer irrigation treatments are applied, they create conditions o f high water
availability and plant growth that are in stark contrast to the surrounding desert,
especially when little or no natural precipitation has occurred. The irrigated plots
then become “islands” o f high resource availability that are potentially attractive to
animals, possibly resulting in a greater seed predation rate in the irrigated plots.
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However, in that case, differences between plant density in irrigated and unirrigated
plots should be higher following dry summers (when differences between irrigated
and unirrigated plots are maximal) and lower following wet summers (when
differences between irrigated and unirrigated plots are minimal). Although 2003
was preceded by a dry summer (3 mm) and 2004 by a relatively wet summer (42
mm), lower densities in irrigated plots were observed in both years, indicating that
the effect was independent o f natural precipitation levels the preceding summer.
If the seed bank itself was unaffected by summer irrigation treatments, then
irrigation must cause some change in soil chemistry that is detrimental to
germination or subsequent growth. Other researchers have postulated that
precipitation can mediate changes in plant communities through changes in soil
chemistry (Gutierrez and Whitford 1987). One likely possibility is that higher water
availability in the summer leads to mineralization o f nitrogen. In fact, this effect
was observed by Cui and Caldwell (1997), who noted a doubling in soil nitrate levels
immediately following a wetting event. Once mineralized, nitrogen is more easily
lost from the system by leaching and volatilization, leading to nitrogen depletion and
a nitrogen shortage during the following growing season (Peterjohn and Schlesinger
1990).
The possibility o f nitrogen limitation in the irrigated plots is supported by
vegetative tissue analyses. Although results varied by year and species, the
vegetative tissues generally had lower concentrations o f nitrogen in irrigated plots
(Fig. 10). Plant responses to nitrogen concentration in the soil are complex and
dependent on a variety o f factors, which is why it is also not surprising that
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responses were species-specific. The nitrogen concentration o f reproductive tissues
did not vary with irrigation treatment, which supports the conclusion o f Williams
and Bell (1981) that desert annuals allocate nitrogen to reproductive tissues
preferentially, a concept that will be addressed further below.
Plants also showed a slight decrease in size in irrigated plots (Table 2). This
change was not as pronounced as those seen in density, and was only significantly
different when all species were combined (i.e., no individual species showed a
statistically significant decrease in size with irrigation, as shown in Table 6 ). Still,
there was a definite trend toward decreased size, and this observation is also
consistent with the idea that irrigation led to a nitrogen deficiency in the treated
plots.
While the trend o f lower biomass with summer irrigation was evident in all
microsites, it was only statistically significant in the open microsite. This is not
surprising, since the open spaces between shrubs are known to have reduced
nitrogen relative to understory microsites (Titus et al. 2002). With nitrogen levels
already low, even a small decrease could lead to conditions o f nitrogen limitation.
Given that there was no difference in the mortality rate between irrigated
and unirrigated plots, the decreased biomass and density o f plants in irrigated plots
appears to have resulted from lower levels o f germination. Although nitrogen
limitation is generally thought to result in smaller plants, soil nitrogen content has
also been correlated with germination (Gutierrez and Whitford 1987). Nitrate is
known to break dormancy in many species (Fenner 1985; Mayer and PolyakoffMayber 1989), so if irrigation is reducing nitrate levels in the soil (despite nitrate
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being in the irrigation source), then decreased germination could be the result.
However, the effects o f nitrate on seeds o f species in this study have not been tested,
so further research is needed in this area.
There is also evidence that the negative effect o f the summer irrigation
treatment on plant biomass was mitigated by the application o f nitrogen fertilizer.
Although there was no two-way irrigation x fertilization statistical interaction, there
was a three-way microsite x irrigation x fertilization interaction (Fig. 7). In the
deciduous shrub microsite, neither irrigation nor fertilization affected biomass.
Apparently, plants in this microsite were water limited rather than nitrogen limited.
In the evergreen microsite, fertilization had no effect on biomass within the
unirrigated plots. However, fertilization increased biomass within the irrigated
plots. This is indicative o f a nitrogen limitation in the irrigated plots, but not in
plots that were not irrigated. In the open interspaces, fertilization increased
biomass regardless o f whether plots were irrigated or unirrigated, indicating that
open microsites were nitrogen limited regardless o f irrigation treatment. Irrigated
plots in the open that were fertilized reached biomass levels that were not
significantly different from control plots, showing that the negative effect o f
irrigation can be mitigated by the addition o f nitrogen.
Although evidence indicates that nitrogen limitation played a role in the
decreased biomass found in irrigated plots, some unanswered questions remain.
While total plant biomass recovered from the negative effect o f irrigation with the
application o f nitrogen fertilizer, the effect was species dependent. Those species
that were most sensitive to the irrigation treatment {Eriogonum, Cryptantha, and
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Vulpia) showed no recovery with fertilization. In fact, the recovery o f the
community as a whole was largely due to the positive response o f Lepidium. Because
there was no recovery seen with fertilization in these three species, there must be
some other factor contributing to their decreased densities in irrigated plots, but
that factor is unknown.
Despite the fact that fertilization was able to reverse the negative effect of
irrigation in terms o f biomass, the community composition remained altered. Both
species richness and diversity were reduced by summer irrigation (Table 9), and
there was no irrigation x fertilization interaction, indicating that diversity remained
reduced in the irrigated plots regardless o f fertilization. Again, this reflects the fact
that the positive response to the fertilization in irrigated plots was driven by one
dominant species, Lepidium. Why Lepidium responds positively to this treatment
combination while several other species are negatively affected remains unclear.
Summer irrigation clearly caused changes in soil chemistry, and while some
o f those changes can be inferred from tissue analyses, further studies that examine
the changes in the soil directly will be needed in order to fully understand the
impact o f the treatment. In addition, studies that quantify the soil seed bank will
help to establish definitively whether the summer irrigation treatment depleted the
seed bank. According to these findings, the increased summer precipitation that is
predicted by general circulation models had an unexpected effect on the
productivity and diversity o f native annuals, and it is therefore important to
determine the mechanism by which the effect occurs.
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Nitrogen Fertilization
As was predicted, nitrogen fertilization resulted in increased biomass,
although this varied with year and microsite (Fig. 6 ). In both years, the difference
was significant in the open interspaces, which is not surprising, given that nitrogen
levels in this microsite are naturally low and plants are likely to be N-deficient.
Plants in the understory microsites (“fertile islands” ; Gamer and Steinberger 1989)
were affected by nitrogen only when levels o f moisture were adequate. In the
deciduous microsite, plants were not significantly affected by nitrogen in either
year, indicating that they were water-limited rather than nitrogen-limited. In the
evergreen microsite, where levels o f nitrogen and moisture are naturally high, the
addition o f nitrogen significantly increased biomass in 2003, but not in the drier
year o f 2004 (Fig. 6 ). The response o f plants growing in the understory microsites to
nitrogen likely would have been more uniformly positive if precipitation had been
greater and the growing season longer, as this would have given more o f an
opportunity for nitrogen limitation to develop, as well as for competitive
interactions to occur.
One unexpected result o f nitrogen fertilization was that the response to 10 kg
N ha * was often greater than that to 40 kg N ha'*, particularly in the open
interspaces. This trend was evident in both plant density and plant size. In
addition, the redundancy analysis indicated that plots with 0 and 40 kg N ha'* were
more similar in their species composition than plots fertilized with

1 0

k g N ha'*

(Fig. 12). Desert annuals have evolved in an environment that is chronically low in
nitrogen, so it is not surprising that these plants have a limited ability to respond to

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

additional nitrogen. However, what remains unclear is why plants have a greater
response to moderate levels o f nitrogen than to high levels of nitrogen. The 40 kg N
ha'* treatment appears to have an inhibitory effect on annual plants. The fact that
we apply all 40 kg ha * o f nitrogen in a single application may have influenced this
result, whereas the gradual addition o f 40 kg ha'* o f N as dry deposition over the
whole year may result in a more positive response. Studies on the effects o f excess
nitrogen on desert plants have not been done, so the mechanism behind this
response requires further investigation.
Another unexpected effect o f nitrogen fertilization was the apparent increase
in seed germination. Plants generally respond to supplemental nitrogen by
increasing their size, so fertilization tends to increase biomass through increased
plant size rather than increased density. However, in this study nitrogen
fertilization did increase plant density, and this was attributable to increased
germination rather than survival. Other studies have noted that nitrogen can
increase germination (Young et al. 1981, Gutierrez et al. 1988), but this effect has
not been extensively studied. Although nitrate has been shown to induce
germination in some species (Fenner 1985; Mayer and Polyakoff-Mayber 1989),
responses of the species in this study to nitrogen have not been studied, so this is an
area that requires further research.
Nitrogen also proved to be an important factor in determining species
composition. Again, previous studies have found that nitrogen is a determinant of
species composition (Gutierrez et al. 1988). However, the results o f this study
showed that nitrogen increased species richness and diversity, while Gutierrez
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found that nitrogen decreased diversity. This difference may be attributable to
differences in the length o f the growing season. Species have differential responses
to supplemental nitrogen, and given enough time, those species with the strongest
positive responses would be able to outcompete other species, eventually resulting in
decreased diversity. However, with the growth o f all species limited by the short
growing season and low water availability, these types o f competitive interactions
are less likely to take place. Under more favorable conditions, it is possible that
nitrogen fertilization could still result in decreased diversity, despite what was
observed in this study.
Another factor that played a role in the lack o f decreased diversity with
fertilization was the absence o f Bromus, which has been shown to have a greater
positive response to nitrogen addition than native species (Brooks 2003). It was
therefore hypothesized that Bromus would outcompete native species under
conditions o f high nitrogen availability, leading to decreased species richness and
diversity. However, because Bromus was present only at low densities, there was no
competition with native species, and therefore no resulting decrease in diversity.
Again, under more favorable rainfall conditions when Bromus was more abundant,
nitrogen fertilization still could potentially lead to decreased diversity.
Responses o f individual species to supplemental nitrogen were extremely
variable. Only Eriogonum, Lepidium, and Mentzelia showed significant increases in
plant size in response to fertilization (Table 7), and each o f these species exhibited a
different response in terms o f reproductive allocation (Fig. 9). Descurainia showed
no change in plant size but increased reproductive allocation, while Chaenactis
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showed no change in plant size but decreased reproductive allocation. Responses o f
vegetative and reproductive nitrogen concentrations were similarly variable (Fig. 10
and 11). According to Williams and Bell (1981), desert annuals typically allocate
nitrogen preferentially to reproductive tissues when it is in short supply and
respond to supplemental nitrogen by increasing allocation to vegetative tissues.
However, these results indicate that responses to nitrogen are highly species specific
and difficult to generalize. The variety o f responses seen indicates that increases in
nitrogen will affect each species in an individualistic manner, ultimately affecting
species composition. In this study, nitrogen affected species composition by
significantly increasing the proportional biomass o f Lepidium and Mentzelia, while
decreasing the proportional biomass o f Descurainia (Fig. 8 ). Furthermore, the
changes in reproductive allocation and reproductive tissue nitrogen concentration
undoubtedly caused changes in the seed bank, and these changes can be expected to
impact species composition in future years.
Based on previous studies, the main impact o f the nitrogen fertilization
treatment was predicted to be a disproportional increase in the biomass o f the
invasive species Bromus, leading to decreased richness and diversity o f native
species. The low density o f Bromus during the years 2003 and 2004 make it
impossible to draw conclusions regarding the effect o f fertilization on competitive
interactions o f this exotic with native species. However, some important conclusions
can be drawn. As has been noted in other studies, the effects o f nitrogen will depend
largely on water availability, with additional nitrogen being inconsequential in years
or microsites without adequate water availability. Also, the responses to nitrogen
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are apparently highly species specific, both in terms o f the nature o f the response
and the amount o f nitrogen that elicits a response. For this reason, any sustained
changes in the availability o f nitrogen in the environment can be expected to have
profound effects on species composition o f the annual plant community.

Biological Soil Crust Disturbance
The importance o f biological soil crusts in arid ecosystems has been discussed
extensively in the literature. Besides being credited with substantially reducing soil
erosion, crusts are also believed to add significant amounts o f nitrogen to these
environments (Evans and Johansen 1999, Belnap 2001). Based on these studies, I
hypothesized that the disturbance o f biological soil crusts would decrease nitrogen
availability and thus result in decreased biomass o f annual plants, although it was
anticipated that this response would be a much more long-term treatment effect
than would the addition o f water or nitrogen.
In contrast to my hypothesis, crust disturbance did not decrease the biomass
o f annual plants (Fig. 6 ), and there was no evidence that plants in disturbed plots
were nitrogen limited (Fig. 10). Neither plant density nor plant size was reduced in
disturbed plots (Table 2). Plants also showed no consistent pattern o f decreased
tissue nitrogen content relative to plants growing on undisturbed crusts, which
contrasts with several published studies (Harper and Pendleton 1993, Belnap and
Harper 1995, Evans and Johansen 1999, Harper and Belnap 2001).
The difference between the results o f this study and other studies is probably
due to differences in the length o f time between the disturbance o f crusts and

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

collection of data. In this study, plants were sampled 4 and 5 years after the initial
disturbance o f soil crusts. In most published studies, it is difficult to discern how
much time has passed since the crust disturbance occurred. Because comparisons
are usually made between areas that are naturally with and without crusts, rather
than crust removal being part o f the experiment, it is probably safe to assume that
differences have existed for substantially longer than five years. The lack o f
negative effect seen in this study may simply mean that five years is not long enough
for soils with and without crusts to show differences in chemical composition. This
finding mirrors that of Evans and Belnap (1999), who found no difference in the
nitrate levels o f soils with and without crusts five years after disturbance, although
differences were found in later years.
Because changes to the nitrogen cycle are likely to take place over the long
term, it is not surprising that no changes were noted in five years. These results do
not change the fact that potential changes to the nitrogen cycle as a result o f crust
disturbance remain a long-term threat to this ecosystem. In the Evans and Belnap
(1999) study, eventual differences between chemistry o f soils with and without crusts
persisted for decades, even though disturbances were discontinued. So, while
changes may be slow to occur, their effects will be long lasting. Evans and
Ehleringer (1993) predicted that crust disturbance would significantly impact the
nitrogen cycle by largely eliminating inputs from fixation, while losses from
volatilization and denitrification continue. Continued monitoring o f the MGCF will
give us insight into how this process occurs, the timescale over which it occurs, and
potential long-term effects on the annual plant community.
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There is also some question as to how much nitrogen crusts actually add to
the ecosystem, which is important to consider when investigating the effects o f their
removal. Prasse and Bomkamm (2000) point out that most crust studies are
observational, making it impossible to separate the effects of lack o f crust from the
effects o f the crust removal itself. A similar problem is that crusts are known to
reduce soil erosion, so it is not always clear whether soils without crusts have less
nitrogen because they are no longer receiving inputs through nitrogen fixation, or
because they are losing more nitrogen through erosion (Evans and Johansen 1999).
Measurements used to estimate the nitrogen fixation levels o f crusts are often done
under laboratory conditions, which are far more favorable than those encountered
in the field, and this may lead to overestimates o f actual nitrogen fixation values
(Evans and Johansen 1999).
In addition to the uncertainty regarding how much nitrogen is added to the
ecosystem by intact crusts, it is also unclear how much nitrogen may be added by
disturbed crusts. The method o f crust removal used in this study (i.e., mechanical
abrasion, or “scuffing”) is associated with decreases in lichen-based crusts, but not
necessarily free-living cyanobateria (Evans and Belnap 1999). The cyanobaterial
component o f crusts is also capable o f nitrogen fixation, so it is not known how
much nitrogen may continue to be added to the system after disturbance. However,
because nitrogen fixation rates o f cyanobacteria are much lower than those o f
lichens (Belnap 2002), it is safe to assume that disturbed crusts have significantly
lower levels o f nitrogen fixation than intact crusts. Ongoing crust studies at the
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MGCF will provide more insight into changes in species composition and nitrogen
fixation rates o f biological soil crusts after disturbance.
In addition to the positive effects o f crusts on soil nutrient content, many
authors have speculated that the physical structure o f soil crusts creates favorable
sites for germination, establishment, and growth (Harper and Pendleton 1993,
Evans and Johansen 1999, Belnap et al. 2001). Because the physical structure of
crusts was completely destroyed by disturbance treatments, and no negative effects
were observed in germination or growth, early results may suggest that crusts in
this ecosystem provide no such benefits. However, if the microtopography o f crusts
provides sites for the accumulation o f seeds and nutrients, the positive effects could
potentially persist over the long term, which may be why no difference was noted
only five years post-disturbance. Long term monitoring o f the seed bank will be
needed to determine whether differences between disturbed and intact crusts
eventually develop.
The disturbance o f biological soils cmsts not only failed to negatively affect
annual plants, but also caused a slight increase in plant density and size. This seems
to lend support to the idea that crusts and annual plants engage in competition,
which has been proposed by some researchers. A review o f 14 studies found that
phosphorus was reduced in plants growing on cmst soils about half o f the time,
while iron content was reduced about 70% o f the time (Harper and Belnap 2001).
The positive effects o f crust disturbance may therefore indicate competition between
crusts and plants for some element in this ecosystem. However, the positive effects
o f crust disturbance were observed in all three microsites, which was unexpected.
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given that crusts are largely absent in the understory microsites (except for mosses).
If competition were occurring between annual plants and crusts, the positive effects
of removing the crusts would presumably only be seen in the open interspaces where
crusts primarily occur. The fact that the positive effect was seen in all three
microsites indicates that it may not be related to the presence o f the crust itself.
Alternatively, several years o f mechanical abrasion of lichen-based crusts
added a new input o f organic matter into surface soils, and decomposition o f this
material may have provided a short-term nutrient increase in the soil that in turn
resulted in the slight increases in annual plant biomass in the disturbed plots. A
similar effect was documented by Pendleton et al. (2003), who noted that plants
grown in crushed crust had dramatically higher biomass and nitrogen content than
plants grown in soils with intact crust or no crust, an effect that was attributed to a
temporary flush o f nutrients as crust biomass decomposed. While the effect of
disturbance on plant nitrogen content in this study was inconsistent (Fig. 10), it
remains likely that increased nitrogen availability contributed to higher biomass
values. In the coming years, this effect can be expected to diminish as this flush of
nutrients is lost from the system.
Another possibility is that the action o f the disturbance treatment scarifies
seeds, leading to higher germination rates, or simply unburies them, leaving a
higher number o f seeds at a soil depth at which they can germinate. This would
explain why the effect was seen in all three microsites. Another notable observation
is that while plant density and size were affected, all species seemed to be impacted
equally, as there was no change in the proportion o f biomass accounted for by each
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species. Furthermore, the redundancy analysis indicated that disturbance was not
an important factor in species composition. Given the variety o f responses shown by
different species to the irrigation and fertilization treatments, the uniformity of the
response to crust disturbance was somewhat unexpected. Studies that quantify the
soil seed bank will be needed to clarify this issue.
Given the large number o f studies quantifying the effects o f soil crusts on
plant productivity and diversity, the results o f this study were somewhat
unexpected. Not only were the negative effects o f disturbance that were noted in
other studies absent in this study, but the disturbance o f soil crusts was actually
shown to benefit annual plants. The mechanism for the positive impact is not clear,
although a post-disturbance nutrient release phenomenon is most likely. As far as
the lack of negative effects, it is possible that in this ecosystem, crusts do not supply
enough nitrogen to benefit vascular plants, which is why they are not negatively
impacted by the removal o f crusts. A more likely explanation is that five years is
not enough time for soils with and without crusts to show differences in their
chemical composition and/or surface physical structure. Continued monitoring o f
plants and soils at the MGCF will allow us to make this distinction. Given the long
term nature o f changes to the nitrogen cycle and the profound effects they will have
on the ecosystem, this knowledge will be invaluable to researchers and land
managers.

Bromus Invasion
The invasive annual grass Bromus madritensis has become extremely common
throughout the Mojave Desert, and it has become a major concern o f area land
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managers. Because several studies have shown that Bromus has the ability to
outcompete native annual species (Brooks 2000, Salo 2005), the fear is that it will
become more prevalent at the expense o f native species, ultimately leading to a
decrease in species diversity. The problem is magnified by the fact that Bromus
appears to respond more positively to additional nitrogen than native species
(Brooks 2003) and, like all invasive species, may benefit from the disturbance o f soil
crusts.
Given these findings, global change could lead to important changes in the
interactions between Bromus and native annual species. One o f the objectives o f this
study was to identify the effects o f three global changes, increased summer
precipitation, increased nitrogen deposition, and biological soil crust disturbance,
on the interactions between Bromus and native annuals. This information would
allow us to make predictions about the impacts o f global change on communities o f
native annuals, which may prove valuable to land managers and policy makers.
Unfortunately, given that Bromus was present only at very low densities in
2003 and 2004, no conclusions could be drawn regarding how it would respond to
potential global changes, and how those responses would affect native species.
However, the fact that Bromus was such a minor component o f the community in
these years was interesting in itself, and may have important implications for
management. Several researchers have noted that Bromus is slow to recover from
consecutive years o f drought (Hunter 1991, Salo 2004). The two years in this study
were preceded by the hydrological year 2

0 0 1

-2

0 0 2

, which had a total precipitation

o f 47 mm, which is significantly below average. The three years preceding 2001-
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2 0 0 2

each had a precipitation o f approximately

1 0 0

mm, which is also below

average.
Given the drought conditions that preceded this study, the fact that Bromus
did not germinate in large numbers supports the idea that it does not recover
quickly from drought. Native species have extensive soil seed banks and
germination requirements that safeguard against population crashes resulting from
germination under drought conditions. Bromus, in contrast, responds to rainfall
with a mass germination event, and this leaves it extremely vulnerable to population
crashes if additional precipitation does not occur (Salo 2004). In fact, following a
high seed production year in 1998 and a drought year in 1999, a large rainfall event
in Fall 1999 resulted in a large germination event by Bromus, but a dry subsequent
spring in

2 0 0 0

resulted in very low seed set by the germination cohort and thus an

apparent major depletion of the soil seed bank for Bromus (S. Smith and T. Charlet,
unpublished data).
Changes in precipitation will play a major role in the success o f Bromus and
its effects on native species. While native species also suffer in years o f drought, the
nature o f their seed bank allows their populations to rebound at the first
opportunity. Bromus, in contrast, has no mechanism for recovering from drought,
and must disperse from locations where it was able to survive and reproduce. It has
been suggested that periods of occasional drought may therefore function to
temporarily reduce populations o f Bromus and give native annuals an opportunity to
rebound (De Falco 2003, Salo 2004). On the other hand, increased or more regular
precipitation, as is predicted by some general circulation models, may significantly
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enhance the ability o f Bromus to outcompete native species. The relative absence of
Bromus in this study supports the idea that drought conditions decrease Bromus
populations, providing a possible management opportunity (Salo 2004).

Conclusions
In contrast to my hypotheses, increased summer rainfall was detrimental to
annual plant productivity and diversity, while crust disturbance had a slightly
positive effect on these parameters. As expected, simulated increases in nitrogen
deposition increased productivity, but diversity was increased rather than
decreased, as originally predicted. These results demonstrate that responses to
predicted global change are rarely straightforward. While findings such as
increased productivity with increasing N-deposition were predictable, other
findings, such as a decrease in productivity with added summer rainfall, were
unexpected. The complexity o f community responses to environmental changes is
extreme, making it imperative to have a thorough understanding o f those responses.
Some responses, such as changes in soil chemistry that occurred in response to
summer irrigation, are not readily apparent. These findings underscore the need
for large-scale studies and collaborations among researchers with different expertise
so that as many aspects o f an ecosystem as possible can be examined.
Global changes are by nature long-term changes, and responses to them will
occur over long periods o f time. For this reason, it is also necessary to maintain long
term research sites where changes can be monitored over long time periods and
under varying environmental conditions. The lack o f negative response to crust
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disturbance that was seen in this study will likely change over the next several years,
so additional studies (or more years o f response in this study) will be needed before
final conclusions about the effects o f crust disturbance in this ecosystem can be
drawn. Likewise, many of the responses seen here under conditions o f average and
below average precipitation will undoubtedly be different in years o f high natural
precipitation.
Finally, the results o f this study illustrate the point that all global changes
have the potential to impact annual plant productivity and species composition, but
they will operate within the well-known context o f the highly episodic desert
environment, where annual plant species composition, biomass, and the resulting
seed bank can vary by orders o f magnitude from year to year. Furthermore, these
impacts will not be limited to the annual plants themselves, but will also affect the
many species that are dependent on them. Although it is impossible to predict
exactly what global changes will occur, much less what responses to them will be, it
is important to have as thorough knowledge as possible about the potential
responses to global change. Long-term studies that examine the responses to
potential global change and the mechanisms behind them, such as those taking place
at the MGCF, will increase our understanding o f how highly episodic desert
ecosystems will respond to global change, ultimately putting us in a better position
to prepare for and respond to long term environmental change.
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TABLE 1. Analysis o f variance o f the effects o f year, microsite, summer irrigation,
nitrogen fertilization, and crust disturbance on the biomass o f annual plants.
Effect
Year
Microsite
Irrigation
Fertilization
Disturbance
Year*Microsite
Year*Irrigation
Y ear* F ertilization
Y ear*Disturbance
Microsite*Irrigation
Microsite *F ertilization
Microsite* Disturbance
Irrigation* F ertilization
Irrigation*Disturbance
Fertilization*Disturbance
Year*Microsite*Irrig
Year *Microsite*Fert
Year* Microsite *Dist
Year*Irrig*Fert
Year*Irrig*Dist
Year*Fert*Dist
Microsite*Irrig*Fert
Microsite*Irrig*Dist
Microsite*Fert*Dist
Irrig*Fert*Dist
Y ear* Micro *Irrig* F ert
Year*Micro*Irrig*Dist
Year*Micro*Fert*Dist
Year*Irrig*Fert*Dist
Micro*Irrig*Fert*Dist
Year* Micro *Irrig* Fert* Dist

df
I

F
217.3724
17.2802
19.4399
8.6616
20.9029
24.9821
0.0287
2.8495
0.0674
6.5430
4.7192
0.2710
0.3179
1.0551
0.0649
0.4691
3.0891
1.1664
1.8224
1.4022
0.9119
3.5412
2.3154
0.0483
2.0879
0.2208
0.9255
0.6268
2.1938
0.6561
1.6612

2
1
2
1
2
1
2
1
2

4
2
2
1
2
2

4
2
2
1
2

4
2

4
2

4
2

4
2

4
4

P
<
<
<

0 .0 0 0 1
0 .0 0 0 1
0 .0 0 0 1

0 .0 0 0 2

< 0 .0 0 0 1
< 0 .0 0 0 1
0.8656
0.0597
0.7954
0.0017
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0 .0 0 1 1

0.7629
0.7279
0.3053
0.9372
0.6261
0.0165
0.3132
0.1638
0.2375
0.4031
0.0078
0.1008
0.9956
0.1261
0.9267
0.3977
0.6438
0.1136
0.6230
0.1595

TABLE 2. Effects o f summer irrigation, nitrogen fertilization, and biological soil
crust disturbance on total annual plant density and mean plant dry weight (all
species combined). For each treatment, N=48, except for the N-treatments, where
N=32.
Mean
Density
(plants m'^)
171 ± 7
151 ± 7
0.05

Mean
Plant Dry Weight
(mg)
161 ± 5
152 ± 5
0.05

0 kg N ha"' yr''
1 0 k g N h a ' yr''
40 kg N ha ' yr''
P-value

142 ± 9
171 ± 9
171 ± 9
0.05

141+6
174 + 6
155 + 6
0.0005

Not Disturbed
Disturbed
P-value

145 ± 7
177 ± 7

151+5
162 + 5
0.05

Not Irrigated
Irrigated
P-value

0 .0 0 2
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TABLE 3. Effects o f added summer rain (irrigation) on density (plants m'^) o f the
most abundant species at the MGCF in the beneath deciduous shrub (DC),
beneath evergreen shrub (EV), and open interspace (OP) microsites. Values are
means (N=48) ± SE. Pairs that are significantly different at a = 0.05 are shown in
italics. Species codes are as follows: BRMA = Bromus madritensis, CHST =
Chaenactis stevioides, CRRE = Cryptantha recurvata, DEPI = Descurainia pinnata,
ERTR = Eriogonum trichopes, LELA = Lepidium lasiocarpum, MEOB = Mentzelia
obscur a, and VUGC = Vulpia octoflora.

2003

Species
BRMA
CHST
CRRE
DEPI
ERTR
LELA
MEOB
VUOC

DC
Not Irrigated
Irrigated
1.7± 1.1
2.0 ± 1.1
4.3 ± 3.1
3.3 ± 3.1
45.3 ± 6.4
17.0± 6.4
34.7 ± 5.4
46.0 ± 5.4
11.3± 3.0
3.0 ± 3.0
126.7 ± 15.9
151.0± 15.9
6.3 ± 1.9
4.0 ± 1.9
11.7± 5.3
9.0 ± 5.3

EV
Not Irrigated
4.3 ± 1.07
3.7 ± 3.07
48.0 ± 6.4
23.7 ± 5.4
17.0 ± 3.0

138.0 ± 15.9
8.3 ± 1.9
5.0 ± 5.3

Irrigated
1.7 ± 1.1
I.7± 3.1
26.0 ± 6.4
25.7 ± 5.4
2.3 ± 3.0
177.0 ± 15.9
13.0 ± 1.9
15.0 ± 5.3

OP
Not Irrigated
Irrigated
0 ± 1.1
0± 1.1
5.3 ± 3.1
I.7± 3.1
12.0 ± 6.4
7.2 ± 6.4
6.0 ± 5.4
10.7 ± 5.4
31.3 ± 3.0
7.2 ± 3.0
30.7 ± 15.9
28.2 ± 15.9
2.2 ± 1.9
3.7 ± 1.9
15.7± 5.3
5.0 ± 5.3

2004

Species
BRMA
CHST
CRRE
DEPI
ERTR
LELA
MEOB
VUOC

DC
Not Irrigated
Irrigated
2.1 ± 1.1
3.2 ± 1.1
9.0 ± 3.1
5.0 ± 3.1
15.3 ± 6.4
29.3 ± 6.4
1.7 ± 5.4
1.8± 5.4
P.7± 3.0
0.3 ± 3.0
45.0 ± 15.9
52.3 ± 15.9
3.0 ± 1.9
2.0 ± 1.9
20.3 ± 5.3

6.0 ± 5.3

EV
Not Irrigated
Irrigated
3.2 ± 1.1
3.0 ± 1.1
6.0 ± 3.1
6.3 ± 3.1
15.0 ± 6.4
7.3 ± 6.4
2.0 ± 5.4
4.3 ± 5.4
1.3 ± 3.0
7.3 ± 3.0
54.7 ± 15.9
28.3 ± 15.9
6.7 ± 1.9
6.0 ± 1.9
8.7 ± 5.3
37.0 ± 5.3

OP
Not Irrigated
Irrigated
4.7 ± 1.1
4.8 ± 1.1
17.5 ± 3.1
9.2 ± 3.1
5.2 ± 6.4
0.8 ± 6.4
0.3 ± 5.4
0.3 ± 5.4
2'/.2± 3.0
4.2 ± 3.0
26.2 ± 15.9
38.3 ± 15.9
0.7 ± 1.9
0± 1.9
1.7± 5.3
4.5 ± 5.3
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TABLE 4. Effects o f a simulated increase in nitrogen deposition at 10 and 40 kg N ha"' on density (plants m'^) o f the most
abundant species at the MGCF in the deciduous (DC), evergreen (EV), and open (OP) microsites. Values are means (N=32) ±
SE. Pairs that are significantly different at a = 0.05 are shown in italics. Species codes are as in Table 3.

8
(O '

2003

3.
3"
CD

CD

■D
O
Û.
c

a
o
3
"D
O

LA
4^

Species
BRMA
CHST
CRRE
DEPI
ERTR
LELA
MEOB
VUOC

ON
2.5 ± 1.3
4.0 ± 3.7
24.5 ± 7.9
52.5 ± 5.6
3.0 ± 3.8
104.0 ± 19.5
6.5 ± 2.3
7.5 ± 6.6

DC
ION
1.5 ± 1.3
5.5 ± 3.7
41.0 ± 7.9
46.0 ± 6.6
11.01 3.8
124.5 ± 19.5
7.0 ± 2.3
17.0 ± 6.6

ON
1.5 ± 1.3
8.0 ± 3.7
26.5 ± 7.9
0.3 ± 6.6
5.0 ± 3.8
46.0 ± 19.4
3.0 ± 2.3
17.5 ± 6.6

DC
ION
3.0 ± 1.3
7.0 ± 3.7
15.5 ± 7.9
4.5 ± 6.6
9.5 ± 3.8
41.0 ± 19.4
4.0 ± 2.3
19.5 ±6.6

CD

Q.

■CDD
C/i
C/i

Species
BRMA
CHST
CRRE
DEPI
ERTR
LELA
MEOB
VUOC

40 N
1.5 ± 1.3
2.0 ± 3.7
28.0 ± 7.9
22.5 ± 5 5
7.5 ± 3.8
188.0 ± 19.5
2.0 ± 2.3
6.5 ± 6.6

40 N
4.3 ± 1.3
6.0 ± 3.7
25.0 ± 7.9
0.5 ± 6.6
0.5 ± 3.8
59.0 ± 19.4
0.5 ± 2.3
2.5 ± 6.6

6.6

EV
ION
3.5 ± 1.3
2.5 ± 3.7
33.0 ± 7.9
31.5± 6.6
8.5 ± 3.8
148.0 ± 19.4
18.5 ± 2.3
14.5 ± 6.6

16.0 ±
15.0 ±
189.0 ±
10.0 ±
4.0 ±

ON
2.0 ± 1.3
10.5 ± 3.7
9.5 ± 7.9
2.0 ± 6.6
0.5 ± 3.8
42.0 ± 19.4
3.5 ± 2.3
30.5 ± 6.6

2004
EV
ION
3.8 ± 1.3
7.0 ± 3.7
9.0 ± 7.9
5.5 ± 6.6
7.5 ± 3.8
47.5 ± 19.4
9.0 ± 2.3
18.5 ± 6.6

40 N
3.5 ± 1.3
1.0± 3.7
15.0 ± 7.9
2.0 ± 6.6
5.0 ± 3.8
35.0 ± 19.4
6.5 ± 2.3
19.5 ± 6.6

ON
3.5 ± 1.3
2.5 ± 3.7
24.5 ± 7.9
26.5 ± 6.6

5.5 ±
135.5 ±
3.5 ±
11.5±

3.8
19.4
2.3

40 N
2.0 ± 1.3
3.0 ± 3.7
53.5 ± 7.9

6.6
3.8
19.4
2.3
6.6

ON

0±
3.5 ±
8.0 ±
11.3±
13.5 ±
21.0 ±
1.5 ±
6.0 ±

0
3.7
7.9
6.6
3.8
19.4
2.3
6.6

ON
5.3 ± 1.3
2.3 ± 3.7
1.0 ± 7.9
0.5 ± 6.6
7.0 ± 3.8
15.5 ± 19.4
0 ± 2.3
4.0 ± 6.6

OP
ION
0± 0
2.0 ± 3.7
8.3 ± 7.9
5.3 ± 6.6
25.3 ± 3.8
28.5 ± 19.4
18.5 ± 6.6

40 N
0± 0
5.0 ± 3.7
12.5 ± 7.9
8.5 ± 6.6
19.0 ± 3.8
38.8 ± 19.4
1.8 ± 2.3
6.5 ± 6.6

OP
ION
4.0 ± 1.3
21.0± 3.7
2.3 ± 7.9
0.5 ± 6.6
25.0 ± 3.8
43.5 ± 19.4
0.5 ± 2.3
3.5 ± 6.6

40 N
5.0 ± 1.3
16.8 ± 3.7
5.8 ± 7.9
0 ± 6.6
10.5 ± 3.8
37.8 ± 19.4
0.5 ± 2.3
1.8 ± 6.6

5.5 ± 2.3

TABLE 5. Effects o f biological soil crust disturbance on density (plants m" ) o f the
most abundant species at the MGCF in the deciduous (DC), evergreen (EV), and
open (OP) microsites. Values are means (N=48) ± SE. Pairs that are significantly
different at a = 0.05 are shown in italics. Species codes are as in Table 3.

2003
DC

BRMA
CHST
CRRE
DEPI
ERTR
LELA
MEOB
VUOC

Not
Disturbed
1.3 ± 1.1
5.7 ± 3.1
21.0 ± 6.4
40.3 ± 5.4
5.0 ± 3.2
134.3 ± 15.9
5.7 ± 1.9
9.3 ± 5.3

EV

Disturbed
2.3 ± 1.1
2.0 ± 3.1
41.3 ± 6.4
40.3 ± 5.4
9.3 ± 3.2
143.3 ± 15.9
4.7 ± 1.9
11.3 ± 5.3

Not
Disturbed
3.3 ± 1.1
2.7 ± 3.1
42.0 ± 6.4
24.0 ± 5.4
11.3 ± 3.2
146.0 ± 15.9
9.7 ± 1.9
11.0± 5.3

OP

Disturbed
2.7 ± 1.1
2.7 ± 3.1
32.0 ± 6.4
25.3 ± 5.4
8.0 ± 3.2
169.0 ± 15.9
11.7 ± 1.9
9 ± 5.3

Not
Disturbed
0± 1.1
4.3 ± 3.1
10.2 ± 6.4
6.5 ± 5.4
19.3 ± 3.2
28.3 ± 15.9
2.2 ± 1.9
5.3 ± 5.3

Disturbed
0 ± 1.1
2.7 ± 3.1
9.0 ± 6.4
10.2 ± 5.4
19.2 ± 3.2
30.5 ± 15.9
3.7 ± 1.9
15.3 ± 5.3

2004
DC

BRMA
CHST
CRRE
DEPI
ERTR
LELA
MEOB
VUOC

Not
Disturbed
1.8± 1.1
6.0 ± 3.1
12.3 ± 6.4
1.2 ± 5.4
4.0 ± 3.2
39.7 ± 15.9
3.7 ± 1.9
4.7 ± 5.3

EV
Disturbed
4.0 ± 1.1
8.0 ± 3.1
32.3 ± 6.4
2.3 ± 5.4
6.0 ± 3.2
57.7 ± 15.9
1.3 ± 1.9
21.7 ± 5.3

Not
Disturbed
1.5± 1.1
6.7 ± 3.1
10.3 ± 6.4
3.7 ± 5.4
5.7 ± 3.2
30.0 ± 15.9
7.0 ± 1.9
10.3 ± 5.3

OP
Disturbed
4.7 ± 1.1
5.7 ± 3.1
12.0 ± 6.4
2.7 ± 5.4
3.0 ± 3.2
53.0 ± 15.9
5.7 ± 1.9
35.3 ± 5.3

Not
Disturbed
5.3 ± 1.1
16.5 ± 3.1
3.0 ± 6.4
0.3 ± 5.4
11.2± 3.2

Disturbed
4.2 ± 1.1
10.2 ± 3.1
3.0 ± 6.4
0.3 ± 5.4
17.2 ± 3.2
55.8 ±15.9

0± 1.9
1.2 ± 5.3
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0.7 ± 1.9
5.0 ± 5.3

TABLE 6 . Effects o f added summer rain on plant dry weight (mg) o f the most
abundant species at the MGCF in the deciduous (DC), evergreen (EV), and open
(OP) microsites. Values are means (N=48) ± SE. Pairs that are significantly
different at a = 0.05 are shown in italics. Species codes are as in Table 3.

2003
DC
Species
BRMA
CRRE
DEPI
ERTR
LELA
MEOB

Not
Irrigated
140 ±31
80 ± 14
360 ± 27
NC
120 ± 13
110± 18

EV
Irrigated
160 ±32
92± 15
370 ±27
NC
130± 13
93 ± 18

Not
Irrigated
150±31
110± 14
350 ± 27
NC
140 ± 13
120 ±20

OP

110± 13
120 ± 19

Not
Irrigated
170 ±37
99 ± 14
NC
280 ±41
130 ± 13
160 ± 18

Irrigated
120 ± 22
190 ±28
160 ± 17
NC
63 ± 13
59 ± 7

Not
Irrigated
NC
190 ±27
NC
460 ±41
44 ± 13
NC

Irrigated
140 ±32
92 ± 14
340 ± 26
NC

Irrigated
160 ±43
66 ± 14
NC
210±41
120 ± 13
150 ± 17

2004
DC
Not
Irrigated
Species
Irrigated
BRMA
140 ±22
180 ±22
CHST
130 ±28
170 ±30
CRRE
85 ± 15
70 ± 17
ERTR
NC
NC
44 ± 13
LELA
53 ± 13
42 ± 7
51 ± 8
VUOC
NC = species not collected

EV
Not
Irrigated
120 ± 22
290 ± 28
110± 15
NC
82 ± 14
73 ± 7

OP
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Irrigated
NC
140 ± 27
NC
480 ± 42
53± 13
NC

73
CD
■D
O
Q.
C

gQ.
■CDO
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C/)

TABLE 7. Effects of a simulated increase in nitrogen deposition at 10 and 40 kg N ha ' on plant dry weight (mg) o f the most
abundant species at the MGCF in the deciduous (DC), evergreen (EV), and open (OP) microsites. Values are means (N=32)
± SE. Pairs that are significantly different at a = 0.05 are shown in italics. Species codes are as in Table 3.

o

BRMA
CRRE
DEPI
ERTR
LELA
MEOB

a3"
CD

CD

■D
O
Q.
C

O

LA

o'
3
"O
O

^

CD

Q.

■CDD
C/)
C/)

ON
180 ±40
86 ± 18
330 ±32
NC
100 ± 16
83 ±22

ON
170 ±27
160 ±35

BRMA
CHST
CRRE
59 ± 2 0
ERTR
NC
LELA
54 ± 16
VUOC
50 ± 9
NC = species not collected

DC
ION
140 ±38
88 ± 18
370 ±33
NC
150± 16
100±21

DC
ION
180 ±27
160 ±38
96 ± 19
NC

40 N
130 ±38
83 ± 18
390 ±33
NC
1I0± 16
110±21

40 N
100 ±27
140 ±36
77 ± 19
NC

39 ± 16

52 ± 16

48 ± 9

40 ± 9

ON
160 ±40
100 ± 17
310 ±32
NC
110± 16
130 ±24

ON
140 ± 27
200 ± 34
120 ±20
NC
69 ± 16
63 ± 9

2003
EV
ION

130 ± 2 2

40 N
120 ±38
99± 18
370 ± 32
NC
130 ± 16
95 ±24

2004
EV
ION
120 ±27
250 ±35
160 ± 18
NC
76± 17
53 ± 9

40 N
100 ±27
280 ±37
100 ± 19
NC
72± 16
83 ± 9

160 ± 3 8

100 ± 17
350 ±33
NC
130± 16

ON
180 ±44
7 5 ± 18

NC
170 ±49
72 ± 16
95 ±21

ON
NC
140 ± 3 3

NC
410 ±50
37 ± 16
NC

OP
ION
160 ±49
92 ± 18
NC
320 ±49
150± 16
2 1 0 ± 21

OP
ION
NC
190 ±33
NC
570 ± 49
49 ± 16
NC

40 N
170 ±54
82± 18
NC
250 ±50
160 ± 16
170±21

40 N
NC
170 ±33
NC
430 ±50
5 9 ± 16

NC

TABLE 8 . Effects o f biological soil crust disturbance on plant dry weight (mg) of
the most abundant species at the MGCF in the deciduous (DC), evergreen (EV),
and open (OP) mierosites. Values are means (N=48) ± SE. Pairs that are
significantly different at a = 0.05 are shown in italics. Species codes are as in
Table 3.

2003
DC
Species
BRMA
CRRE
DEPI
ERTR
LELA
MEOB

Not
Disturbed
120±31
91 ± 15
350 ±27
NC
120 ± 13
110± 18

EV
Disturbed
180 ±32
81 ± 14
380 ±27
NC
120 ± 13
85 ± 18

Not
Disturbed
120 ±32
100 ± 14
340 ± 27
NC
110± 13
140± 19

OP
Disturbed
170±31
100 ± 14
350 ± 26
NC
130 ± 13
100 ± 19

Not
Disturbed
130 ±44
72± 14
NC
230 ± 42
97 ± 13
130± 18

Disturbed
190 ±36
93± 14
NC
260 ±41
150± 13
180± 17

2004
DC
Not
Disturbed
155 ±22
150 ±30
72± 16

Species
Disturbed
140 ± 22
BRMA
CHST
150 ±29
83 ± 16
CRRE
ERTR
NC
NC
45± 13
52 ± 13
LELA
51 ± 7
VUOC
40 ± 8
NC = species not collected

EV
Not
Disturbed
100 ±22
270 ± 28
130± 15
NC
65 ± 13
67 ± 7

OP
Disturbed
140 ± 22
210±30
130 ± 16

NC
79± 14
65 ± 7

Not
Disturbed
NC
160 ±27
NC
460 ±41
49 ± 13
NC
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Disturbed
NC
180 ±27
NC
470 ± 42
48 ± 14
NC

TABLE 9. Effects o f added summer rain, simulated increase in nitrogen deposition,
and biological soil crust disturbance on species richness and diversity. Values are
means ± SE (N=48 for irrigation and disturbance; N=32 for N treatments) o f both
years and all three microsites combined.

Not Irrigated
Irrigated
P-value
k g N h a ' yf'
10 kg N ha"' yr"'
40 kg N ha"' yr"'
P-value

Species Richness
(species per quadrat)
3.0 ±0.1
2.4 ±0.1
< 0.0007

Species Diversity
(1-D)
0.43 ±0.015
0.35 ±0.015
< 0.0007

0

2 .6

± 0 .1
2.9 ±0.1
2.5 ±0.1
0.03

0.40 ± 0.019
0.43 ± 0.019
0.34 ± 0.019
0 .0 0 0 ^

Not Disturbed
Disturbed
P-value

2.5 ±0.1
2 .8 ± 0 .1

0.38 ±0.015
0.40 ±0. 015
0.23

0 .0 2
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Figure 1. Layout of the Mojave Global Change Facility.
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Figure 2. Precipitation events in the 2002-2003 and 2003-2004 hydrologie years.
Irrigation events are shown by bars marked with asterisks.
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Figure 3. Overall trends in annual plant biomass by microsite and year, where DC
= underneath deciduous shrub, EV = underneath evergreen shrub, and OP = open
interspace. Graphed values are means (N=96) ± one standard error. Bars labeled
by different letters are significantly different at a = 0.05.
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Figure 4. Mean densities (N=96) o f the most abundant species in both years and all
three microsites. Species codes are as follows: BRMA = Bromus madritensis, CHST
= Chaenactis stevioides, CRRE = Cryptantha recurvata, LELA = Lepidium
lasiocarpum, MEOB = Mentzelia obscura, and VUOC = Vulpia octoflora.
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Figure 5. Overall trends in dry weight o f abundant individual species by microsite
and year. Graphed values are means (N=96) ± one standard error. Species codes
are as listed in Fig. 4.
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Figure 6 . The effects o f increased summer rain, nitrogen fertilization, and crust
disturbance on total biomass o f annual plants. Graphed values are means (N=48 for
irrigation and disturbance treatments and N=32 for fertilization treatments), and
error bars represent one standard error. Treatments that resulted in significant
differences at a = 0.05 are denoted by asterisks.
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Figure 7. Mean annual plant biomass (N=32) in unirrigated and irrigated plots
receiving 0, 10, or 40 kg N ha-1 yr-1. Mean values include both 2003 and 2004
combined, and pairs that are significantly different at a = 0.05 are denoted by
different letters.
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Figure 8 . The effects o f summer irrigation and nitrogen fertilization on the
proportional biomass o f abundant species. Significant differences at a = 0.05 are
denoted by asterisks. Species codes are as listed in Fig. 4. The disturbance treatment
is not shown because it did not have a significant effect on the proportional biomass o f
any species.
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Figure 9. The effects o f summer irrigation, nitrogen fertilization, and crust
disturbance on the reproductive allocation o f abundant species. Reproductive
allocation was calculated as the dry mass o f reproductive structures divided by the
total dry mass o f the individual. Value graphed is the mean o f all microsites where
individuals were collected. Asterisks denote differences that are significantly
different at a = 0.05.
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Figure 10. The effects o f summer irrigation, nitrogen fertilization, and crust
disturbance on the concentration o f nitrogen in vegetative tissues o f abundant
species (N=3). Graphed values are means o f all microsites combined, and
differences at a = 0.05 are denoted by asterisks.
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Figure 11. The effects o f summer irrigation, nitrogen fertilization, and crust
disturbance on the concentration o f nitrogen in reproductive tissues o f abundant
species (N=3).
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Figure 12. Principal coordinates analysis o f the effects o f year, microsite, summer
irrigation, and nitrogen fertilization on species composition. Crust disturbance is
not included because it had no significant effect on species composition. The
variation explained by each coordinate is indicated in brackets.
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